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Abstract: Barnacles act as model species for understanding how larval transport processes
influence settlement and adult population dynamics. Settlement of barnacle larvae was quantified
in the Southern California intertidal from April 2014 through January 2015 and from April
through December 2015. Settlement plates (PVC, ~1.9 cm2) were deployed daily at 12-14
locations within our study site in the Bird Rock, La Jolla, California intertidal. Time series of
temperature and significant wave height was also collected within the study site. We compared
temporal patterns in settlement with changes in temperature and significant wave height. In
general, settlement was higher in spring-summer months when compared to fall-winter periods
during both years, but greater overall settlement occurred in 2014. In addition, settlement was
quantified spatially by graphing the average proportion of settlement that occurred at each plate
for the 4 different sampling periods. Spatially analyzing barnacle settlement provides insight into
how larval transport processes affect barnacle population dynamics within the rocky intertidal.

1. Introduction
Broadcast spawners play a vital role in the marine environment by producing thousands
of eggs that get released into the ocean and make it back to shore (Farrell et al. 1991), thus
contributing to the great diversity of the rocky intertidal. More specifically, barnacle species
release their larvae offshore into the water column that develop through multiple stages, and
eventually travel back onshore. Within the water, barnacles transform from the early larval stage
of a nauplius to the last larval stage of a cyprid (Figure 1). Once these cyprid larvae get close to
shore, they look for a place to settle in the rocky intertidal, and when an adequate place is found,
the cyprid attaches itself to the substrate (rock, dock pillar, etc) (Smith and Johnson 1996). The
number of cyprids available within the rocky intertidal is defined as the larval supply (Pineda
2010). The rate at which attachment occurs is known as the settlement rate (Pineda 1994a).

Following settlement, the cyprid undergoes metamorphosis into a juvenile known as a
metamorph and then transforms into an adult (Smith and Johnson 1996). Since many other
marine organisms have this two part life cycle, such as crabs and fishes, barnacles act as model
species for understanding how larval transport processes influence settlement and adult
population dynamics.
Previous studies have proposed that internal motions within waves can transport larvae
onshore (Pineda 1999). Internal tidal bores are mechanisms in which larvae could be transported
shoreward within slicks in convergent currents behind crests of internal waves (Shanks 1983,
Kingsford and Choat 1986). Since these internal tidal bores have two phases, they can be marked
by temperature changes. A cold-water bore is advected shoreward and it displaces the warm
water causing a front to form between the inshore cold water and the displaced offshore warm
water (Pineda 1999). Onshore larval transport in internal bores has been demonstrated for
barnacles (Pfaff et al. 2015). In this way, analyzing temperature changes can be a method for
predicting when larvae come to shore and settle.
Surface waves are responsible for transporting buoyant particles and sediment onshore;
however, they have rarely been considered as a mechanism for larval transport (Pfaff et al.
2015). Pfaff et al. (2015) observed swell height as a factor for barnacle larval transport and they
did not find a relationship between increased swell height and barnacle settlement. However,
they noted the importance of considering the influence of surface waves on larval transport
amongst the other previously suggested modes transport, such as upwelling/downwelling and
internal tidal bores (Pfaff et al. 2015).
Understanding larval transport is important to determine the placement of Marine
Protected Areas (MPAs). Analogous to national parks, MPAs are spatially protected areas of the
marine environment that are managed for the conservation of biodiversity (Edgar et al. 2007). In

addition, MPAs have been increasingly used for fisheries management due to the realization that
traditional fisheries management policies are inadequate through the evidence of historical fish
stock collapses (Halpern 2003). Since barnacles act like model species, their larval transport
processes can be applied to other species, such as commercial fish stocks, which are important
food sources for many communities around the world. Understanding these larval transport
dynamics is necessary for the placement of MPAs. In particular, the rocky intertidal community
maintains connectivity with the larval pool off the coast. The source population of larvae is
maintained by barnacle reproduction (Kawecki 1995), within the rocky intertidal. Once the eggs
get released offshore, they make up the larval pool, or sink population within the water column.
Understanding the connectivity between source and sink populations is necessary for the
placement of MPAs. If we can understand where the barnacle larvae are developing and where
they are settling, we can place MPAs in the regions that protect these areas so that the barnacle
populations will be replenished.

2. Materials and Methods
2.1 Study Site
The study was conducted at a portion of the rocky intertidal in Bird Rock, CA (3248'51''
N, 11716'27'' W) (Figure 2). Sampling occurred over two years (2014 and 2015) during two
sampling periods of Spring/Summer and Fall/Winter. There were 14 PVC plates (three grooves
with a total settlement area of 1.9 cm2) deployed on 14 different rocks within the rocky intertidal
(Figure 3). At each plate, a rock hammer drill was used to drill a hole in the rock and marine
epoxy (ZSPAR) was used to set a bolt in place within each hole. The PVC plates each had a hole
drilled into them so they could be placed on the bolt. To hold each plate in place on the bolt,

plastic washers and nuts were added on top of the plate so the plate was screwed onto the bolt
(Figure 4a).
2.2 Sampling
In order to easily switch out the plates, the site had to be accessed during low tide. Each
plate was removed with a nut driver and placed in its numbered zip lock bag and a new,
previously cleaned plate was then redeployed. After collection, the plates were brought back to
the lab and looked at under the microscope (Figure 4b). For each plate, the barnacle larvae were
counted and identified based on the stage of the larvae (cyprid or metamorph) (Figure 5a, b).
Even though the barnacle larvae could settle on the entire plate, only the larvae found within the
plate grooves were counted. After each plate was counted, it was washed and scraped clean of
the larvae so it could be reused in the field. Sampling occurred daily except when the tide was
too high or the swell was too large to safely access the plates. To account for the days of no
collection, settlement data were standardized based on a 24-h window.
2.3 Physical Data
Temperature data was obtained from SBE-56 temperature loggers deployed at 4 m
offshore, and programmed to record temperature every 5 seconds. There were also temperature
loggers deployed under plate rock #2 and #11 within the rocky intertidal and during sampling
periods, it was noted whether or not these loggers were exposed to air. Wave height data was
obtained from the Seabird Seaguage pressure sensor that was attached to an Acoustic Doppler
Current Profiler (ADCP) 8 m offshore.

2.4 Data Analysis
The average numbers of settlers per plate per day were summed for each respective
month to obtain the sum of Chthamalus settlement per month (Figure 8). To obtain the

proportion of Chthamalus settlement that occurred spatially within the study site, the number of
settlers per day on each plate was divided by the total number of settlers for the entire day. Then
these proportions were averaged together to obtain the average proportion of settlement that
occurs on each of the 14 plates (Figure 11).

3. Results
3.1 Temporal Patterns
On an annual comparison, settlement was higher in 2014 than in 2015, with an average
number of settlers per plate per day of 590 and 334, respectively (Figure 6). Seasonally, higher
settlement occurred in the spring/summer months (590 settlers/plate/day in 2014 and 334
settlers/plate/day in 2015) versus in the fall/winter months (36 settlers/plate/day in 2014 and 190
settlers, plate/day in 2015) (Figure 7a, b). In the spring/summer months, higher settlement
occurred in 2014 (Figure 7a); however, in the fall/winter months, higher settlement occurred in
2015 (Figure 7b). On a monthly scale, settlement increased over the spring/summer season,
peaking in June/July, and decreased throughout the fall/winter months (Figure 8). The sum of
settlement in April and May was larger in 2015 than in 2014; however in June and July, the sum
of settlement was higher in 2014 than in 2015. In October, the sum of settlement was larger in
2015 than in 2014 and for November and December, the sum of settlement was larger in 2014
than in 2015 (Figure 8).
3.2 Connection to Environmental Parameters
The average daily water temperature increased throughout the spring/summer months and
decreased throughout the fall and winter months during both 2014 and 2015 (Figure 8, 10b). The
seasonal average temperature was the lowest in spring/summer 2015 (18.18 ° C) and the highest
in fall/winter of 2015 (19.95 ° C) Overall, the temperature was the highest in the fall/winter

months for both years. (Figure 9). Significant wave height decreased throughout the
spring/summer months and increased throughout the fall/winter months (Figure 10c). For both
seasons and years, settlement peaks tend to correspond with higher average temperatures (Figure
10a, b) and lower significant wave height values (Figure 10a, c).
3.3 Spatial Patterns
Barnacle settlement varied spatially across the site. There were general patterns of the
average proportion of settlement in which higher proportions of settlement occurred on the
northern edge and in the center of the site (plates -1,0,1, 5 and 7). The largest proportion of
settlement across the site (0.130) occurred at plate 0 in Spring 2015. Overall, the largest peaks in
the average proportion of settlement tended to occur in the spring months, with the exception of
plate -1 in the Fall of 2015 (avg. prop. of settlement, 0.113) (Figure 11).

4. Discussion
While the temporal and spatial patterns of barnacle settlement examined in this study
were variable, they can offer insight into larval transport mechanisms. Fluctuations in larval
supply to benthic marine ecosystems influence community structure and adult population
dynamics (Hoffmann et al. 2012). Understanding the factors that affect barnacle settlement
allows for the prediction of where and when these larvae will settle.
Variations in the magnitude of barnacle settlement between years may relate to shifts in
oceanographic conditions due to the development of anomalously warm sea surface conditions in
southern California and an eventual transition to El-Niño conditions during the summer of 2015
(Climate Prediction Center 2015). Thermal stress, attributed to the warmer water during El Niño
conditions, may explain large mortality events within barnacle populations (Thiyagarajan et al.
2000), contributing to lower overall settlement in 2015 versus 2014. Freuchet et al. (2015) found

that when barnacles were exposed to thermal stress over a short period of time, they experienced
reduced larval output. Due to the development of a warm water “blob” in Southern California,
sea-surface chlorophyll-a levels were anomalously low in most places by the summer of 2015
(Leising et al. 2015). The decrease in food availability for the feeding stage of the barnacle
nauplii could cause decreased larval quality, leading to increased larval mortality (Emlet and
Sadro 2006).
Previous studies have observed that internal tidal bores are larval transport mechanisms
that cause temporal variability in barnacle settlement (Shanks 1986, Pineda 1994, Pfaff et al.
2015). For settlement to occur, there has to be a large amount of cyprids present in the larval
pool offshore and these cyprids need a way to get back to shore. Thus, the variability in the larval
pool and physical transport processes are the dominant processes in influencing settlement rate
(Pineda 1994a). The amount of larvae in the larval pool directly relates to the amount of eggs
that get released from the intertidal. Temporal variations in this settlement data can be attributed
to fluctuations in barnacle reproduction (Hines 1978). When observing larval transport
mechanisms, cross-shore circulation occurs on a much smaller scale than alongshore circulation
and thus it is thought of as a primary driver of larval transport to the near-shore environment
(Pineda 1994b). The transport of planktonic larvae shoreward is explained by the advection of
subsurface cold water resulting from internal tidal bores (Pineda 1991). The propagation of tidal
bores is more common in the summer than in the fall (Pineda 1991), and this may explain the
observation of higher overall settlement in the spring/summer season versus the fall/winter
season for both years. Indicative of internal bores, thermal changes occurring in short times
spans can be used to predict horizontal advection of water (Pineda 1991). To better understand
the relationship between internal bores and settlement rate, smaller scale temperature

measurements need to be observed instead of looking at the daily averages of the water
temperature.
Settlement was relatively high near the northern boundary of the study site (plates -1
through 0) where boulders (habitat availability) may be more limiting and result in settlement
intensification. Previous studies have found that settlement per unit area tends to be higher
(intensifies) where there is less substrate availability for cyprids to attach (Bertness et al. 1992,
Pineda 1994, Pineda and Caswell 1997). Barnacle settlement was also relatively high near the
center of the study site (plates 5 and 7), and this may be because of the more seaward positions
of these boulders. Gaines et al. 1985 suggests that a water mass passing suitable settlement
substrate may be drained of its larvae before reaching subsequent substrates. Therefore,
settlement itself may influence the local heterogeneity of barnacle settlement (Gaines et al.
1985). However, this still does not explain the variability between plates on a meter-scale. Plates
5 and 7 had a high proportion of settlement whereas plate 6, which lies directly next to plate 5
and within a couple meters of plate 7, had a much lower proportion of settlement. This difference
in settlement could be attributed to microhydrodynamic conditions as water passes between the
boulders (Eckman 1983). Another explanation for the spatial variability of barnacle settlement is
the fact that barnacles are gregarious (Crisp and Meadows 1962). Settlement tends to be higher
where there is a large presence of adult barnacles settled on a substrate because the larvae
respond to the stimuli of the established adult population (Crisp 1974). It is therefore important
to observe the adult population dynamics within Bird Rock and connect this with barnacle
settlement. While there are many possible explanations for the spatial variability observed in this
study, future studies need to be conducted to examine the extent that each of these factors affect
barnacle settlement at Bird Rock.

Further studies will examine the connection between settlement and adult population
dynamics to observe the relationship between these variables. The extension of the project into
2016 will allow for observations on how El Niño conditions affect barnacle settlement by
comparing 2015/16 data with 2014 data that were collected during non-El Niño conditions.
Shanks (1986), proposed that settlement varied based on site location due to the variation in the
propagation of internal waves. To observe how settlement changes based on site location,
settlement will be monitored at Dike Rock, north of Bird Rock and weekly settlement data will
be compared between these two sites.
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Spring/Summer (a) and Fall/Winter (b)
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Figure 10. Average settlement (a) compared to average daily water temperature (b) and significant wave height (c) over
the two year study period, 2014 (blue) and 2015 (green)
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Figure 11. Spatial representation of the average proportion of settlement that occurs at each plate location. 2014 data are
shown in blue and 2015 data are shown in green. Solid bars represent spring/summer deployment period and patterned
bars represent fall/winter deployment period.
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